The ongoing debate about the use of genetically-modified (GM) crops in agriculture has largely focused on food safety and genetic contamination issues. Given that the majority of GM crops have been produced to respond to the problem of crop yield reductions caused by diseases, insects and weeds, the paper argues that in those cases, the currently used GM crops are an unstable solution to the problem, because they represent such a strong selection pressure, that pests rapidly evolve resistance. Organic agriculture practices provide a more sustainable way of producing healthy food; however, the lower yields often associated with those practices, making the resultant healthy food more expensive, open the criticism that such practices will not be able to feed human populations. Evolutionary plant breeding offers the possibility of using the evolutionary potential of crops to our advantage by producing a continuous flow of varieties better adapted to organic systems, to climate change and to the ever changing spectrum of pests, without depending on chemical control.
Introduction
Foreign genes were successfully introduced into plants for the first time 30 years ago [1] . Ever since, genetically-modified (GM) crops have promised to deliver a second green revolution: a wealth of enhanced foods, fuels and fibers that would feed the starving, deliver profits to farmers and promote a greener environment [2] .
For some, that revolution has arrived; their strongest argument is that crops engineered to carry useful traits now grow on 170 million hectares in at least 28 countries. Of those, 152 million hectares
Biotechnologies
In the debate, GM technologies are often dealt with, particularly by activists, as part of biotechnologies at large, as if all gene manipulations were the same. The use of the term -biotechnology‖ or -biotechnologies‖ in a loose, or even worse, ideological sense ignores that genes do change naturally in a phenomenon known as spontaneous mutation and that spontaneous mutations have been one of the driving forces of evolution. If it were not for a mutation that occurred about 10,000-13,000 years ago and that changed shattering wild barley and wheat into non-shattering plants and for the Neolithic men and women who understood the value of that mutation, today, we would still collect wheat and barley from the ground. Another example of a major change during domestication is the large difference between cultivated maize and its ancestor, teosinte.
Therefore, when discussing GM crops, it is important to consider that they are the products of one specific type of biotechnology based on the introduction of foreign genes through vectors, in a process that will not occur naturally: in no way can this be considered as a technology similar to those biotechnologies that -read the DNA‖ without changing it (for example, marker-assisted selection, genomic selection, genome sequencing, etc.) or those that change the DNA within the same species (we have seen that this happens naturally with mutations). One exception is cisgenic plants that differ from transgenic plants, because the genes being transferred through vectors are not foreign genes [13] .
We started using DNA changes with domestication, and we change DNA deliberately in conventional plant breeding every time we make crosses.
Unstable Solutions
The main undisputable weakness of GM crops, which is the same weakness of varieties produced by conventional methods and which carry a single-gene resistance to a specific pest (disease, insect or weed), is that they ignore one fundamental biological principle. To explain this principle, we need to remember two things. Firstly, that the fungi causing diseases, the insects eating our crops and the weeds competing with them, all are living organisms, and as such, they are variable, reproduce, mutate and evolve to adapt to current conditions. Secondly, to grow and reproduce, they need a host (this is true mostly for the fungi causing diseases and for the insects, but also for some weeds, the so-called parasitic weeds), the host being the plant (or the organism that they attack). If that organism is completely resistant, most of them will die. However, since they are variable, rare, spontaneous mutants capable of attacking the resistant host will always occur. In the absence of the resistant host, these individuals will not have any specific advantage; in fact, they are actually at some disadvantage [14] . However, if suddenly, as happens with the uniform varieties that are now predominantly grown in modern agriculture, a new, genetically-uniform and -resistant variety is planted, whether GM or conventional, these individuals will suddenly become the only one capable of reproducing, responding to a drastic change of the surrounding environment; because all of the plants of the host are genetically identical, they will spread very rapidly. The next generation will be mostly made up of the new types capable of attacking the host. If the host variety does not change, we will have an epidemic and extensive crop loss. This is what happened with the spreading of the pig weed species, quoted earlier, resistant to Roundup in cotton and soybean in some areas of the USA [6] .
Incidentally, this happens in humans, as well, when bacteria develop resistance to antibiotics: each year in the United States, at least two million people become infected with bacteria that are resistant to antibiotics, and at least 23,000 people die each year as a direct result of these infections. Many more people die from other conditions that were complicated by an antibiotic-resistant infection [15] . Another example is the development of insecticides-resistant mosquitoes causing malaria, which has increased exponentially in the last decade [16] .
In conventional plant breeding, this is very well known, and in fact, in plant breeding for disease resistance, there has been a long debate between the supporters of so-called -horizontal resistance‖ as opposed to -vertical resistance‖, a distinction first made by Vanderplank [17, 18] . He defined -vertical resistance‖ as the resistance of a qualitative type, i.e., due to the action of single genes capable of providing complete protection, and -horizontal resistance‖ as the resistance due to the action of multiple genes and, hence, capable of providing every degree of protection from the minimum to the maximum [19] .
Any protection mechanism against a crop pest, whether genetic or chemical, may be described as unstable or stable [19] . An unstable protection mechanism is within the capacity for the micro-evolutionary change of the pest. This means that the pest (fungus, insect or weed) is able to evolve and produce a new strain or race that is unaffected by that protection, which is then said to have -broken down‖ (strictly speaking, the protection is unaltered, and it is the pest that has changed [19] ). Many synthetic insecticides, fungicides and herbicides provide unstable protection, and sooner or later, they -break down‖ in the face of new strains of the pest, a phenomenon known for many years [20] [21] [22] . Similarly, single-gene, vertical resistances are almost always unstable, and they too break down as new races of the pest emerge. GM crops belong to the same category of unstable solutions to the problem of protection against pests, and this is why, in the best of the hypotheses, they only provide a temporary solution, which, in turn, as described above, creates a new problem (a resistant pest), which requires a different solution (a new GM variety). Thus, the introduction of GM crops in agriculture initiates a chain reaction that only benefits the company producing GM crops. This is often accompanied by a monopoly of the seed market, as in the case of GM corn and soybean in the USA [5] , which leaves little or no choice to farmers about which seed to plant.
If, by the time the resistance of the GM crop breaks down, all of the previously available varieties, including landraces, have been displaced, farmers are left with no alternatives.
Horizontal resistances provide stable protection. That is, they are beyond the capacity for the micro-evolutionary change of the pest, which is consequently unable to produce a new strain that is unaffected by that resistance [20] . This is because they do not represent such a strong selection in favor of new strains as vertical resistances do. Horizontal resistance will assume even greater importance, as climate change will increase pathogen infection [23] .
Biotechnology companies are currently promoting second-generation GM crops resistant to a combination of glyphosate (first-generation GM crops) with additional herbicides, namely the synthetic auxin class of herbicides, such as dicamba and 2,4-D, as a solution to glyphosate-resistant weed problems [6] . They argued that synthetic auxin-resistant weeds will not be a problem because: (1) currently, very few weed species globally have evolved synthetic auxin resistance, despite decades of use; (2) auxins play complex and essential roles in the regulation of plant development, which suggests that multiple independent mutations would be necessary to confer resistance; and (3) synthetic auxin herbicides will be used in combination or rotation with glyphosate, which will require weeds to evolve multiple resistance traits in order to survive [24, 25] . The counter arguments have been that: (1) during the release of glyphosate-resistant crops, it was also indicated that the evolution of resistant weeds was a negligible possibility [26] ; (2) it is not true that -very few species‖ have evolved synthetic auxin resistance, as globally, there are 28 species, with six resistant to dicamba, 16 to 2,4-D and at least two resistant to both active ingredients; in at least two cases, resistance is conferred by a single dominant allele, indicating that resistance could develop and spread quite rapidly [27] ; and (3) the argument that multiple independent mutations would be necessary to confer resistance is contradicted by the evidence that weed species resistant to multiple herbicide modes of action are becoming more widespread and diverse: there are currently 108 biotypes in 38 weed species across 12 families possessing simultaneous resistance to two or more modes of action, with 44% of these having appeared since 2005 [28] (common waterhemp (Amaranthus tuberculatus) is simultaneously resistant to glyphosate, ALS and PPO herbicides and infests 0.5 million ha of corn and soybean in Missouri [28] ; rigid ryegrass (Lolium rigidum) populations resistant to seven distinct modes of action infest large areas of southern Australia [28] ). In the specific case of herbicide resistance, studies in Europe show a decrease of biodiversity over the period of increasing herbicide use , with broad spectrum herbicides playing a prevailing role in reducing biodiversity [29] .
Therefore, the evidence shows that weeds can defy the probabilities and evolve resistance through a number of mechanisms [6] , and this raises legitimate concerns that second generation GM crops will eventually face the same problems as first generation GM crops and may well be another unstable solution to the problem of resistance to pests
Organic Agriculture
It is now widely recognized that industrial agriculture is associated with several penalties, which have to be borne by society [30] : among those are the reduction in food diversity with negative consequences on human health [31] , the leaching into the ground water of fertilizers residues, due to the overuse of fertilizers above the amount that plants can utilize [32] , the water shortage, the emergence of pesticide resistance and the increase in the population of harmful insects.
Organic or biological farming has emerged in the second half of the last century as a more sustainable agricultural model to avoid/reduce the penalties described above. Organic farming agricultural practices include integrated biological pest management, cropping systems that minimize soil erosion and reduce water loss, the use of organic fertilizers and green manures and crop rotations to minimize the buildup of weeds, diseases and insect populations [33] .
An advantage, not often recognized, of organic agriculture is its ability to mitigate the ecological damage caused by pest management practices based on the use of pesticides that alter the food web structure, so that communities becomes dominated by a few common species, which, together, contribute to pest outbreaks [34] . Organic farming methods promote evenness among natural enemies, and this avoids the selection of new, often more aggressive strains of fungi, insects or weeds. They continue to appear in nature as a consequence of mutations, but they will not have the advantages found in agricultural systems depending on the use of chemicals. The advantages of plant diversity, one of the expected beneficial effects of organic agriculture, on pest suppression, the increase of natural enemies and reduction of natural enemies have been shown to be large and significant, but not unequivocal [35] .
Organic farming regulations ban, together with synthetic fertilizers, chemical pesticides and herbicides, and also GM crops; although, for some biotechnologists, organic farming and GM crops are friends [30, 36] . Proposals have been made to produce new generations of GM plants, called orgenic plants, compatible with organic farming [37] , and suggestions have been put forward that high technology farming can and should integrate organic/ecological methods. [38] One of the main arguments used against organic or biological farming is that yields under organic systems are lower than in conventional agriculture; for example, in the case of cereals, 60%-70% of those under conventional management [30] . Although organic farming maintains fertility [39, 40] and preserves part of the biodiversity of the cropped land [41] , the idea of using 30%-40% more land to produce the same amount of crop biomass is unacceptable [30] .
The issue of whether organic farming is compatible with human needs and population growth is, however, a controversial one and has been recently the subject of three meta-analyses [42] [43] [44] . The first [42] compiled and analyzed a meta-dataset of 362 published organic-conventional comparative crop yields and showed that organic yields of individual crops are on an average 80% of conventional yields, but variation is substantial (standard deviation, 21%). The second [43] compared yields of organic versus conventional or low-intensive food production for a global dataset of 293 examples and estimated the average yield ratio (organic: non-organic) of different food categories for the developed and the developing world. For most food categories, the average yield ratio was slightly <1.0 for studies in the developed world and >1.0 for studies in the developing world. The same paper modeled the global food supply that could be grown organically on the current agricultural land base and concluded that organic methods could produce enough food on a global per capita basis to sustain the current human population and potentially an even larger population, without increasing the agricultural land base. The third [44] showed that, overall, organic yields are typically lower than conventional yields. However, these yield differences are highly contextual, depending on the system and site characteristics, and range from 5% lower organic yields (rain-fed legumes and perennials on weak acidic to weak-alkaline soils), 13% lower yields (when the best organic practices are used), to 34% lower yields (when the conventional and organic systems are most comparable). Under certain conditions-that is, with good management practices, particular crop types and growing conditions-organic systems can thus nearly match conventional yields, whereas under others, at present, they cannot [44] .
On the other hand, a study examining sustainable agriculture initiatives in developing countries comprising the analysis of 286 projects covering 37 million hectares in 57 countries found that when sustainable agricultural practices were adopted, average crop yields increased by 79% [45] with significant increases of organic matter accumulation in the soil, carbon sequestration and reduced pesticides use. However, this study has spurred a controversy, as it has been criticized [46] , because it offers, at most, weak evidence for what can be achieved by sustainable agriculture technologies. The authors of the original paper responded to the comments rejecting the objections raised [47] ; this is only one example of the controversies that these topics raise.
A United Nations Conference on Trade and Development (UNCTAD) study reanalyzed the database on agricultural sustainability to produce a summary of the impact of organic and near-organic projects on agricultural productivity in Africa: the average crop yield increases were 116% for all African projects and 128% for the projects in East Africa [48] . Organic agriculture has the merit of representing a model of sustainable agriculture and the demerit of lower yields. GM crops are not the solution to the lower yields in organic systems, because: (1) they do not consistently increase yields, even in conventional agriculture [49] , even though GM crops were not directly altered to increase yield; and, (2) as indicated earlier, they provide an unstable protection against pests, and therefore, when the protection fails, farmers have no other alternatives other than either using chemicals and losing the crop as -organic‖ or suffering yield losses. The solution to the problem of the lower yields in organic agriculture is to select varieties specifically adapted to organic systems by organizing breeding programs based on direct selection within organic systems [50] [51] [52] . This solution is, however, hampered by the limited number of public and private plant breeding programs addressing the specific needs of organic agriculture. This also suggests a flaw in those comparisons quoted earlier [42] [43] [44] , because most of the varieties currently used by organic farmers were not actually bred for organic systems.
Climate change poses an additional challenge to organic agriculture, because of the expected increase in the damage due to pests [53, 54] and the increased severity of diseases vectored by hosts and insects [55] . Because of the imprecision in the quantitative prediction of both temperature and rainfall [56] , the climate change effect on both crop yield and quality through pests is difficult to predict; therefore, particularly in the case of organic agriculture, functional diversity, particularly in tolerance traits for both abiotic and biotic stress, and building spatial and temporal heterogeneity into the cropping systems will become one of the most effective targets for improved sustainability and resilience to both biotic and abiotic stresses [23] .
What then is the future?
Evolutionary Plant Breeding
The future is to exploit to our advantage the evolutionary potential of living organisms that we described earlier, i.e., the mechanism by which fungi, insects and weeds evolve and overcome the resistance of our crops, including GM crops, or the protection of pesticides. In fact, like the fungi, the insects and the weeds, also our crops have the ability to evolve and to adapt to changes. The advantages of exploiting this ability were first understood by Coit Suneson, an American agronomist, who, in 1956, proposed an evolutionary breeding method [57] , even though the same idea is implicit in a more than 100 year-old publication by Herbert Webber [58] .
The method consists in planting in farmers' field mixtures (evolutionary populations) of very many different genotypes of the same crop, preferably, but not necessarily, using early segregating generations [59] . These populations (one for each crop) will be planted and harvested year after year, and due to the natural crossing (higher in some crops and less in others, see below), the genetic composition of the population that is harvested is never the same as the genetic composition of the population that was planted as a result of differences in individual's fitness. In other words, and in the presence of directional selection, the population will evolve to become progressively better adapted to the environment (soil type, soil fertility, agronomic practices, including organic systems, rainfall, temperature, etc.) in which it is grown. As the climatic conditions vary from one year to the next, the genetic makeup of the population will fluctuate, but if the tendency is towards hotter and drier climatic conditions, as expected in view of climate change, the genotypes better adapted to those conditions will become progressively more frequent.
While the base population is evolving, breeders and/or farmers can practice artificial selection, with specific modalities depending on the crop and on the objective(s), thus deriving a flow of continuously better adapted improved varieties. Thus, evolutionary-participatory (when farmers do participate in the process) plant breeding (EPPB) reconciles agro-biodiversity (because a given base population will evolve differently in different locations, thus generating differently-adapted varieties), sustainable production increases (based on the amount of inputs farmers can afford) and adaptation to climate change (as a result of the evolutionary process) [59] . EPPB assumes that, while the population evolves, it maintains sufficient genetic diversity for evolution to proceed. However, it can accommodate the injection of novel genetic diversity any time it is required. It is also possible and indeed desirable for farmers to share the seed of the population with other farmers in other locations affected by different stresses or different combinations of stresses [60] .
One of the issues is whether this methodology can work for self-pollinated crops, which include some of the most important food crops, such as wheat, rice, barley, some grain legumes and crops of greater potential interest in the future for their nutritional value, such as the millets. This issue has been addressed, indirectly, through an experiment conducted by Morran et al. [61] , who used experimental evolution to test the hypothesis that outcrossing organisms are able to adapt more rapidly to environmental changes than self-fertilizing organisms. The experiment suggests that even low out-crossing rates (e.g., <0.05), comparable with those observed in self-pollinated crops, such as barley, wheat and rice, allow adaptation to stressful conditions. Most interestingly, the outcrossing rate increased in the course of the experiments, offering a partial solution to the problem of linkage drag discussed below.
Even though obtained on a nematode, this result is relevant for both self-and cross-pollinated crops and provides strong justification for evolutionary plant breeding.
The speed with which these populations evolve and adapt depends, among other factors, on the intensity of stress imposed [62] : in the case of a severe stress, selection may be so strong, that only rare mutants with extreme, perhaps innovative, phenotypes can survive the stress. The disadvantage of too strong a selection pressure is that it may reduce the diversity to the extent that the population will not be able to adapt to additional and different stress factors. To avoid this risk, it is recommended that farmers keep always, for example in a common refrigerator or in a cool dry place, a sample of the seed of the population sown the previous year. In the case of very strong selective pressures in any given year, the farmer could select the few surviving plants and sow again the seed sample stored in the refrigerator, thus avoiding a drastic reduction of genetic diversity. In the case of catastrophic events, which lead to a complete crop failure, using the seed stored in the refrigerator limits the loss to only one year of evolution.
When selection is less stringent, more genetic diversity can usually be sustained, which allows more adaptive opportunities for the population.
Linkage drag is a drawback in evolutionary breeding, particularly in self-pollinated species [63] . This can be overcome by increasing recombination through the use of male sterility when available [63] , or cisgenesis [13] , or by genetic manipulation of flower biology [64] [65] [66] [67] .
Evolutionary plant breeding has been put into practice recently, and hard data showing that it actually works are not available, with the possible exception of extrapolating to plants the results of Morran's experiment cited earlier [61] . However, similar concepts are used in population breeding and have been applied with success to the management of mixtures in relation to resistance to diseases and insects [68] [69] [70] .
Evolutionary plant breeding is, therefore, much more dynamic than either conventional or GM varieties, in providing farmers with a continuous flow of novel varieties, and appears as the most dynamic and cheap way of adapting crops to a moving target, such as climate change and its collateral effects on pests. Evolutionary populations of different crops are currently grown by farmers in Jordan, France, Ethiopia, Iran and Italy on cereal crops (maize, barley, bread and durum wheat), grain legumes (common bean) and horticultural crops (tomato and summer squash). Research activities on evolutionary populations are ongoing in a number of European countries [63] . While it was anticipated that evolutionary populations will mostly represent a source material, in Iran, an evolutionary population of bread wheat has been actually used in two different provinces to produce bread, which has been highly appreciated by local markets. Farmers growing evolutionary populations in France and Italy confirmed that creating mixtures not only brings greater yield stability, but also greater aroma and quality to the bread [71] .
Evolutionary plant breeding has the potential of making farmers independent of the seed market, which is now, globally, in the hands of large corporations (the world's top three corporations control 53% of the world's commercial seed market; the top 10 control 76% [72] ), while small farmers overwhelmingly rely on seeds that they save from their own crops and which they donate, exchange or sell [73] .
In several countries, seed laws state that, in order to be legally commercialized, varieties must meet the criteria of being new, distinct, uniform and stable. Uniformity and stability seem to be at odds with the diversity needed to adapt crops to climate change. On the one hand, evolutionary populations could well be the source of varieties that meet those criteria, particularly if farmers can count on the collaboration of scientists; the advantage will be that, because the evolutionary populations will evolve differently in different areas, the varieties could maintain spatial agro-biodiversity and meet the requirement to be -legal varieties‖; they can also satisfy the market if uniformity is required. On the other hand, if farmers decide to use the evolutionary population as their main crop (like in the case of Iran, Italy and France), the population will never meet the criteria to be -legal‖, even though the European Commission has recently started discussing the possibility of -legally‖ cultivating mixtures [74] : it is precisely their diversity and dynamic evolution that are their main advantages. However, in either cases, farmers and farmers' communities will re-acquire seed ownership, which is implicit in the recommendations of the report of the special rapporteur on the right to food [73] and is the essence of Article 9 of the International Treaty on Plant Genetic Resources for Food and Agriculture [75] . The evidence is mounting that the yield of the major crops, such as wheat, rice, maize and soybean, which together produce nearly 64% of agricultural calories, never improved and are stagnating or collapsing in more than a quarter (24%-39%) of the respective growing areas [76, 77] . In a subsequent study [78] , it was shown that global average rates of yield increase per year are 1.6% for maize, 1.0% for rice, 0.9% for wheat and 1.3% for soybean. These figures are lower than the 2.4% per year rate of yield gains (non-compounding) needed to double crop production by 2050. This raises major concerns that we may not be able to feed the nine billion people projected for 2050 if we assume that production per se, rather than availability and accessibility of food, is the key to eradicate hunger.
Conclusions
The industrial type of agriculture, of which GM crops are the most recent aspect, led to an extension of monocultures, to a significant loss of agro-biodiversity and to accelerated soil erosion; one of its most potentially devastating impacts is its contribution to increased greenhouse gas emissions, which amounts to 30%-32% of the total man-made greenhouse gas emissions attributable to food systems [73, 79] . Under a business-as-usual scenario, we can anticipate an average of a two percent productivity decline over each of the coming decades, with yield changes in developing countries ranging from −27% to +9% for the key staple crops. [56] . In such a scenario of stagnating or declining crop yields, or of insufficient yield increases, depending on the estimates cited above, and of accelerated rates of climate change with the likelihood of not being able to remain below the 2 °C target of temperature increase [80] , a new paradigm focused on agro-ecological modes of production, such as organic agriculture, on well-being, resilience and sustainability must be designed to replace the productivist paradigm and, thus, better support the full realization of the right to adequate food [72] : one of the recommendations of the report of the special rapporteur on the right to food [72] is -Fund breeding projects on a large diversity of crops, including orphan crops, as well as on varieties for complex agro-environments, such as dry regions, and encourage participatory plant breeding‖. Evolutionary-participatory plant breeding, being a relatively inexpensive and highly dynamic strategy to adapt crops to a number of combinations of both abiotic and biotic stresses and to organic agriculture, is the most suitable method to generate, directly in farmers' hands, the varieties that will feed the current and the future populations.
